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Summary
Background: In C. elegans, a sperm-sensing mechanism reg-
ulates oocyte meiotic maturation and ovulation, tightly coordi-
nating sperm availability and embryo production; sperm
release the major sperm protein (MSP) signal to trigger meiotic
resumption. Meiotic arrest depends on the parallel function of
the oocyte VAB-1 MSP/Eph receptor and somatic G protein
signaling. MSP promotes meiotic maturation by antagonizing
Eph receptor signaling and counteracting inhibitory inputs
from the gonadal sheath cells.
Results: Here, we present evidence suggesting that in the
absence of the MSP ligand, the VAB-1 Eph receptor inhibits
meiotic maturation while either in or in transit to the endo-
cytic-recycling compartment. VAB-1::GFP localization to the
RAB-11-positive endocytic-recycling compartment is inde-
pendent of ephrins but is antagonized by MSP signaling.
Two negative regulators of oocyte meiotic maturation, DAB-
1/Disabled and RAN-1, interact with the VAB-1 receptor and
are required for its accumulation in the endocytic-recycling
compartment in the absence of MSP or sperm (hereafter
referred to as MSP/sperm). Inactivation of the endosomal re-
cycling regulators rme-1 or rab-11.1 causes a vab-1-depen-
dent reduction in the meiotic-maturation rate in the presence
of MSP/sperm. Further, we show that Gas signaling in the
gonadal sheath cells, which is required for meiotic maturation
in the presence of MSP/sperm, affects VAB-1::GFP trafficking
in oocytes.
Conclusions: Regulated endocytic trafficking of the VAB-1
MSP/Eph receptor contributes to the control of oocyte meiotic
maturation in C. elegans. Eph receptor trafficking in other
systems may be influenced by the conserved proteins
DAB-1/Disabled and RAN-1 and by crosstalk with G protein
signaling in neighboring cells.
Introduction
Studies of several conserved signal transduction pathways
reveal a close connection between receptor trafficking and sig-
naling output [1, 2]. For example, internalization of ligand-
bound EGF receptor via clathrin-mediated endocytosis is
a known mechanism for desensitization. Other observations
*Correspondence: green959@umn.edusuggest that endocytosis of the EGF receptor is important for
signaling [3] and that signaling within endosomal compart-
ments may be critical [4]. In the Delta/Notch signaling pathway,
endocytosis and recycling of Delta in signaling cells is required
for Notch activation in responding cells [5–9]. Epsin-dependent
trafficking through Rab11-positive recycling endosomes is ap-
parently required to convert the Delta ligand to an active form
[6, 7]. Studies of intercellular signaling during axonal guidance
show that endocytosis of ephrin/Eph receptor complexes,
dependent on the Vav2 Rho-family GEF, is required for a switch
from contact-mediated adhesion to repulsion [10–12]. Here,
we examine the role of Eph receptor trafficking during
meiotic-maturation signaling in Caenorhabditis elegans.
In C. elegans, oocyte meiotic maturation, a necessary step
for ovulation and fertilization, is coupled to sperm availability
(Figure 1). In the absence of sperm, oocytes arrest in meiotic
prophase for prolonged periods, whereas in the presence of
abundant sperm, meiotic maturation, ovulation, and fertiliza-
tion occur at a rapid pace [13]. Meiotic-maturation rates are
tightly linked to the number of sperm present; hermaphrodites
produce a fixed number of sperm, and when they are con-
sumed by fertilization, meiotic-maturation rates progressively
decline [14]. Available evidence is consistent with the hypoth-
esis that extracellular MSP, which forms a graded distribution
in the proximal gonad of hermaphrodites and mated females,
is the signal that provides the basis for the tight regulation of
meiotic maturation [14–19]. MSP is sufficient to trigger activa-
tion of oocyte mitogen-dependent protein kinase (MAPK)
activation in proximal oocytes [15], a conserved step in the
regulation of meiotic maturation [20, 21]. Oocytes and sheath
cells sense MSP/sperm through an oocyte MSP/Eph receptor
and unidentified receptors [16]. MSP-domain proteins are
highly conserved, and recently the MSP-domain protein
VAPB, which is mutated in Amyotrophic Lateral Sclerosis
type 8 [22], was shown to be a ligand for Eph receptors in
Drosophila and mammals [23]. The VAB-1 MSP/Eph receptor
negatively regulates oocyte meiotic maturation in the absence
of sperm, and MSP counteracts this regulation [16, 17, 19]. Gas
signaling is required for oocyte meiotic maturation and func-
tions in the somatic gonad as indicated by cell-specific RNAi
experiments [17] and genetic mosaic analysis (J.A.G. and
D.G., unpublished data). Somatic Gas signaling functions in
part to antagonize the gap-junctional communication between
sheath cells and oocytes [17]. A key unanswered question is
how oocyte and sheath cell pathways function coordinately
to produce appropriate meiotic-maturation responses to
graded MSP distributions. Here, we show that the presence
of MSP/sperm has a major effect on VAB-1 localization, which
may be part of the cellular mechanism underlying the meiotic-
maturation response.
In this study, we use a functional VAB-1::GFP fusion ex-
pressed in C. elegans oocytes to evaluate the connection be-
tween receptor trafficking and signaling. We present several
lines of evidence suggesting that a recycling VAB-1 Eph recep-
tor inhibits oocyte meiotic maturation in the absence of the
MSP ligand. Further, we provide evidence that the accumula-
tion of VAB-1::GFP in the RAB-11-positive endocytic-recycling
compartment is inhibited by non-cell autonomous Gas
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706Figure 1. A Model for the Control of Meiotic Mat-
uration in C. elegans by an Oocyte MSP/Eph
Receptor Pathway and Antagonistic G protein
Signaling from the Soma
Modified from [17] and our unpublished data. The
germline and soma meiotic maturation control
network is depicted in two states, according to
whether the MSP signal is absent (left) or present
(right). DAB-1 and VAV-1 function in the VAB-1
MSP/Eph receptor pathway in the germline.
Gao/i negatively regulates meiotic maturation
and oocyte MAPK activation and antagonizes
a Gas pathway that promotes maturation. The
Gas pathway is drawn showing the involvement
of the regulatory subunit (KIN-2) of cyclic-AMP-
dependent protein kinase A (PKA) and adenylate
cyclase-4 (ACY-4). Unidentified sheath cell
G-protein-coupled receptors (GPCRs) are pro-
posed to receive the MSP signal in parallel to VAB-1 on the oocyte, such that GPCRs coupled to Gao/i are antagonized by MSP, whereas Gas-coupled
receptors are stimulated by MSP. The Gas pathway is proposed to antagonize inhibitory sheath/oocyte gap junctions [17, 48]. The CEH-18 POU-homeo-
protein localizes to sheath cell nuclei, in which it functions in the control of sheath cell differentiation and function, in part, by directly or indirectly affecting
the assembly of sheath/oocyte gap junctions.signaling in the presence of MSP/sperm. The modulation of
VAB-1 MSP/Eph receptor trafficking in oocytes by Gas signal-
ing in the gonadal sheath cells might contribute to coordi-
nating meiotic-maturation rates with sperm availability.
Results
Sperm-Dependent Localization of the Oocyte
MSP/Eph Receptor
To examine the localization and trafficking of the oocyte
MSP/Eph receptor, we expressed VAB-1::GFP in the germline by
using the germline-specificpie-1 promoter (Figure 2). We obtained
11 transgenic lines that express VAB-1::GFP in the germline in
identical patterns (two integrants and nine extrachromosomal
arrays). To determine whether the VAB-1::GFP fusions are func-
tional, we tested whether the oocyte meiotic-maturation regula-
tory defects conferred by the vab-1(dx31) null mutation were
rescued by the VAB-1::GFP in the integrated lines. Previous
studies showed that VAB-1 functions as a negative regulator
of oocyte meiotic maturation in the absence of the MSP ligand
[16, 17]. Oocytes arrest at meiotic prophase in the absence of
MSP, and thus, fog-2(q71) homozygotes, which lack spermato-
genesis and are therefore females, display low meiotic-matura-
tion rates (0.066 0.07 maturations per gonad arm per hr; n = 21;
Figure 2A) relative to those of wild-type hermaphrodites (2.646
0.40 maturations per gonad arm per hr; n = 18). In contrast, vab-
1(dx31); fog-2(q71) females exhibit a moderate derepression in
meiotic-maturation rates (0.34 6 0.10 maturations per gonad
arm per hr, n = 22, p < 0.0005 compared to unmated females).
Because expressionof the VAB-1::GFP fusion in the germline re-
stores the tight regulation of meiotic maturation in the absence
of MSP [Figure 2A; maturation rate = 0.0660.06 maturations per
gonad arm per hr, n = 18; p < 0.0005 compared to vab-1(dx31);
fog-2(q71) females; p > 0.4 compared to fog-2 females], we con-
clude that the VAB-1::GFP fusion is biologically active. We were
unsuccessful in generating VAB-1-specific antibodies for immu-
nostaining experiments despite scores of attempts (H.C., and
D.G., unpublished data). Besides possessing the ability to res-
cue a null allele, localization of the VAB-1::GFP fusion is depen-
dent on the vab-1-pathway gene dab-1, as described below.
The VAB-1::GFP fusion can be visualized throughout the
germline of living adult hermaphrodites (Figure 2B). In the dis-
tal germline, VAB-1::GFP localizes to the plasma membrane of
the syncytial germ cells as visualized with an mCherry::PHdomain fusion (Figures 2B and 2E and Figure S1 available
online). Thus, the VAB-1::GFP fusion can efficiently traffic to
the plasma membrane in distal germ cells. The plasma-mem-
brane localization observed in the distal germline stands in
sharp contrast to the localization observed in proximal oo-
cytes of adult hermaphrodites (Figures 2B and 2E), and in
these oocytes it is known that MSP/Eph receptor signaling
occurs antagonistically to ephrin/Eph receptor signaling [16].
In proximal oocytes, VAB-1::GFP is predominantly associated
with intracellular vesicles both in the interior and at the cortex
(Figure 2B). The VAB-1::GFP-containing intracellular vesicles
vary in size from small puncta to large (0.5–1.0 mm diameter)
ring-like structures (Figures 2B and 2E). Cortically localized
VAB-1::GFP-containing vesicles abut, or are adjacent to, the
plasma membrane (insets, Figures 2B and 2E), and only a small
fraction of the VAB-1::GFP signal exhibits colocalization with
the mCherry::PH domain plasma-membrane marker (insets,
Figure 2E). In unmated fog-2(q71) females, VAB-1::GFP is
highly enriched in cortically localized vesicles (Figures 2C
and 2F); fewer VAB-1::GFP-containing vesicles are found in
the oocyte interior, and detectable levels of the VAB-1::GFP
signal fail to accumulate at the plasma membrane in the steady
state (insets, Figure 2F). The cortically localized vesicles are
highly enriched just beneath the plasma membrane. The
mean fluorescence intensity of the VAB-1::GFP signal at the
cortex was higher in females than in hermaphrodites (52.48 6
7.60 versus 32.14 6 6.16 arbitrary fluorescence units, re-
spectively, p < 0.0005, n = 10). Mated female animals exhibit
a VAB-1::GFP localization pattern identical to that of hermaph-
rodites (Table S1). In this paper, we analyze VAB-1::GFP local-
ization in multiple genetic backgrounds and experimental
situations, which affect either the hermaphrodite or female
patterns (a summary of all the VAB-1::GFP localization pat-
terns are found in Table S1).
To determine whether the effects of sperm were specific for
VAB-1::GFP, or more general, we examined the localization of
the RME-2 yolk receptor. We found that RME-2 localization, as
detected in dissected and fixed gonads, was the same in the
presence and absence of sperm (Figures 2H and 2I). Other re-
ceptors and intracellular vesicles may respond to the presence
of sperm, however, because we observed that staining with
the succinylated lectin wheat germ agglutinin (WGA), which
detects N-acetylglucosamine-modified structures, resulted in
a markedly different staining pattern in hermaphrodites versus
MSP/Eph Receptor Trafficking in Oocytes
707Figure 2. MSP/Sperm Alters the Localization of
the VAB-1 MSP/Eph Receptor
(A) VAB-1::GFP negatively regulates meiotic mat-
uration in the absence of MSP/sperm. Meiotic-
maturation rates were measured in fog-2(q71)
female backgrounds of the indicted genotypes.
Error bars in this panel correspond to the stan-
dard deviation.
(B–G) Fluorescence micrographs of VAB-1::GFP
in living adult hermaphrodites (B and E), unmated
fog-2(q71) females (C and F), MSP-injected
unmated females (D), and chc-1(RNAi) unmated
females (G), visualized in central or cortical opti-
cal sections (left and right panels, respectively
[B–D]). As shown in (E)–(G), the oocyte plasma
membrane (middle panels) was visualized with
mCherry::PH(PLC1 delta1) [49] in centrally lo-
cated optical sections. The VAB-1::GFP channels
and merged images are shown as indicated.
Insets show magnified views of the indicated
regions, showing the 0.5–1.0 mm VAB-1::GFP
ring-like structures; arrows indicate the oocyte
plasma membrane. Note that there is detectable
VAB-1::GFP at the oocyte plasma membrane in
hermaphrodites (E) and chc-1(RNAi) females
(G). In unmated females (F), cortical VAB-1::GFP
vesicles are located adjacent to the plasma
membrane, and the GFP signal at the plasma
membrane is below the detection limit. Hermaph-
rodites and MSP-injected females exhibit
a decreased VAB-1::GFP signal, and twice the
exposure time was used in (B), (D), and (E) com-
pared to (C), (F), and (G).
(H–K) Oocyte membrane proteins visualized in
dissected gonad preparations of hermaphrodites
(H and J) and unmated females (I and K) with anti-RME-2 antibodies (H and I) and succinylated-WGA (J and K). RME-2 localization is sperm independent,
whereas sperm cause an increase in internal WGA-staining vesicle numbers. Oocytes are numbered, with –1 denoting the most proximal oocyte. Scale bars
represent 10 mm.females. In females, oocytes exhibit cortically enriched WGA-
positive structures and reduced internal staining (compare
Figure 2J to Figure 2K).
To determine whether MSP is sufficient to alter VAB-1::GFP
localization, we examined the effects of injecting MSP into the
uterus of unmated females. We found that injection of 200 nM
MSP into unmated females (n = 40) was sufficient to alter the
global VAB-1::GFP localization pattern such that it resembled
that observed in hermaphrodites (Figure 2D). The effects of
MSP on VAB-1::GFP localization were slow to develop, taking
w90 min. By contrast, activation of sheath cell contraction,
oocyte MAPK activation, and meiotic maturation typically
commence within 30–40 min after injection. Because sperm
continuously release MSP [14], the situation after MSP injec-
tion differs from that in hermaphrodites or mated females in
that the MSP signal is only present transiently. Thus, the reloc-
alization of VAB-1::GFP in oocytes could be part of a chronic
response to abundant quantities of MSP/sperm. Consistent
with this possibility, we observe that the VAB-1::GFP fusion
exhibits progressive cortical enrichment in distal oocytes as
sperm become depleted in hermaphrodites (data not shown).
Taken together, these data suggest that the presence of MSP
alters VAB-1::GFP trafficking, which could be part of the mech-
anism by which the continued presence of MSP promotes high
rates of meiotic maturation.
VAB-1::GFP Is Enriched in the Endocytic-Recycling
Compartment in the Absence of Sperm
To address the possibility that the sperm-dependent changes
in VAB-1::GFP localization might reflect alterations in vesicletrafficking, we used antibodies against RAB-5 [24] and EEA-1
[25], RAB-7 [26], and RAB-11 [26] as markers for early, late,
and recycling endosomes, respectively, and determined
whether the VAB-1::GFP vesicles might be associated with
any of these compartments. (Figure 3 and Figure S1). In
unmated females, we observed that VAB-1::GFP and RAB-11
exhibited extensive colocalization at the cortex (Figure 3B).
By contrast, we observed that only a small fraction of the
VAB-1::GFP-containing vesicles stained positively for RAB-11
in the presence of sperm (Figure 3A). We obtained similar re-
sults by using mRFP::RAB-11 and VAB-1::GFP (Figure 3H).
We did note, however, that the fraction of VAB-1::GFP vesicles
that stained positively for RAB-11 increased in more distally
localized oocytes (Figure 3A and data not shown), which are
exposed to lower extracellular MSP levels [14].
We considered the possibility that VAB-1::GFP traffics to the
plasma membrane from recycling endosomes in the absence
of MSP/sperm but is cleared by endocytosis. Consistent with
this possibility, a detectable fraction of the VAB-1::GFP signal
at the oocyte cortex exhibits colocalization with the early
endocytic markers EEA-1 and RAB-5 in both the absence
and presence of MSP/sperm (Figure S1). Endocytosis occurs
via clathrin-dependent and -independent mechanisms. Thus,
we tested whether knocking down the expression of the
clathrin heavy chain with RNAi affects VAB-1::GFP localiza-
tion. When we conducted chc-1(RNAi) in a fog-2(q71) female
background, we observed modest but detectable levels of
VAB-1::GFP at the plasma membrane (inset, Figure 2G), sug-
gesting that VAB-1::GFP can traffic to the plasma membrane
in the absence of sperm but is cleared by endocytic
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(A–G) Fluorescence micrographs of VAB-1::GFP expression and RAB-11 staining in dissected and fixed gonads; insets in the upper right are magnified
views of the oocyte cortex, and insets in the lower left are magnified views of the oocyte interior. In wild-type hermaphrodites (A), dab-1(RNAi)
fog-2(q71) females (D), ran-1(RNAi) fog-2(q71) females (E), and goa-1(RNAi) fog-2(q71) females (G), VAB-1::GFP is mostly excluded from the RAB-11-pos-
itive compartment. In fog-2(q71) females (B), rme-1(b1045) hermaphrodites (C), and gsa-1(RNAi) hermaphrodites (F), VAB-1::GFP accumulates in the
RAB-11-positive compartment.
(H) Spinning-disc confocal image of mRFP::RAB-11 and VAB-1::GFP localization in living females (left panel) and hermaphrodites (right panel). Scale bars
represent 10 mm.processes. Because caveolin has been implicated in endo-
cytic processes [27] and CAV-1::GFP is associated with
vesicles in C. elegans oocytes [25], we analyzed VAB-1::GFP
localization in the cav-1(ok2089) deletion allele that removes
the entire coding sequence of the caveolin-1 homolog. We
observed that the localization of VAB-1::GFP was not affected
by cav-1(ok2089) in the presence of sperm (Table S1). Because
RAB-7 exhibits a uniform staining pattern in oocytes in the
presence and absence of sperm, when visualized either by
anti-RAB-7 antibody staining or by a mRFP::RAB-7 fusion,
the colocalization studies were less informative with this
marker (Figure S1 and data not shown). We have not been
able to address whether VAB-1::GFP might traffic to lyso-
somes in the presence of sperm because lysotracker Red
staining methods are not effective in oocytes. We observed
no apparent change in VAB-1::GFP localization in the presence
or absence of sperm after RNAi to vps-28 and vps-37, which
encode components of the endosomal-sorting complex re-
quired for transport I complex that mediates lysosomal degra-
dation of ubiquitinated proteins (Figure S2). We did note, how-
ever, that vps-28(RNAi) and vps-37(RNAi) delayed VAB-1::GFP
degradation in embryos (Figure S3).
The finding that VAB-1::GFP is enriched in a RAB-11-posi-
tive compartment in the absence of sperm raises the possi-
bility that a recycling receptor may be functional in inhibiting
oocyte meiotic maturation when MSP is absent. This hypothe-
sis has two key predictions: First, promotion of VAB-1 localiza-
tion to the endocytic-recycling compartment in hermap-
hrodites should reduce the meiotic-maturation rate, andsecond, genes required for VAB-1 localization to the endo-
cytic-recycling compartment in the absence of MSP/sperm
should function as negative regulators of oocyte meiotic mat-
uration. Both these predictions have been met. To test the first
prediction, we examined rme-1(b1045) mutants (the second
prediction is tested below). rme-1 encodes a conserved
Eps-15 homology domain-containing protein that is required
for normal endocytic recycling in C. elegans and mammalian
cells [28, 29]. In unmated females, RME-1 localizes to the oo-
cyte cortex between the plasma membrane and the cortically
localized VAB-1::GFP vesicles (data not shown). The VAB-
1::GFP localization patterns were similar in rme-1(b1045) her-
maphrodites and females, both resembling the normal female
pattern (Figure S2 and Table S1). Interestingly, in rme-1(b1045)
mutant hermaphrodites, the VAB-1::GFP and RAB-11 fluores-
cence signals exhibit an increased overlap at the cortex in
comparison to wild-type hermaphrodites (Figures 3A and 3C).
By contrast, the global localization of vesicle-associated pro-
teins, as detected by WGA staining, is unaffected (Figures 4A
and 4C). To examine whether this altered localization might
have functional consequences, we measured the oocyte
meiotic-maturation rate in rme-1(b1045) mutant hermaphro-
dites. We found that rme-1(b1045) mutant hermaphrodites
display lower oocyte meiotic-maturation rates than wild-type
hermaphrodites (1.67 6 0.35 maturations per gonad arm per
hr, n = 19, versus 2.64 6 0.40, n = 18, p < 0.0005). We tested
the possibility that the reduction in meiotic-maturation rate in
rme-1(b1045) hermaphrodites might be caused by a defect
in sperm recruitment to the spermatheca (sperm-storage
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709Figure 4. DAB-1 and RAN-1 Affect VAB-1::GFP Trafficking in the Absence of MSP/Sperm
(A–H) Fluorescence micrographs of VAB-1::GFP expression and WGA staining in dissected and fixed gonads; insets in the upper right are magnified views
of the oocyte cortex, and insets in the lower left are magnified views of the oocyte interior. VAB-1::GFP mainly localizes to WGA-positive vesicles in wild-
type hermaphrodites (A), fog-2(q71) females (B), rme-1(b1045) hermaphrodites (C), dab-1(RNAi) hermaphrodites (E), gsa-1(RNAi) hermaphrodites (G), and
goa-1(RNAi) fog-2(q71) females (H). In contrast, VAB-1::GFP extensively localizes to WGA-negative vesicles in dab-1(RNAi) fog-2(q71) females (D) and
ran-1(RNAi) fog-2(q71) females (F). Scale bars represent 10 mm.compartment) because this has been observed in mutants
defective for the rme-2 yolk receptor [30]. This is unlikely to
be the case because we observed normal sperm retention in
the spermathecae of rme-1(b1045) adult hermaphrodites
(Figure S4). In addition, we observed a normal distribution of
extracellular MSP within the spermatheca (Figure S4). Impor-
tantly, vab-1(dx31); rme-1(b1045) double-mutant hermaphro-
dites exhibit meiotic-maturation rates similar to those of
vab-1(dx31) hermaphrodites (2.05 6 0.45, n = 20; and 2.01 6
0.23 maturations per gonad arm per hr, n = 21, respectively);
these rates are both higher than rme-1(b1045) single mutants
(p < 0.005). Similarly, dab-1(RNAi) in an rme-1(b1045) mutant
background increases the oocyte meiotic-maturation rate
(data not shown). To further investigate the role of VAB-1 traf-
ficking in the regulation of oocyte meiotic maturation, we used
RNAi to deplete rab-11.1, which is required for receptor recy-
cling to the plasma membrane from recycling endosomes and
also for trafficking from the trans-Golgi network to the plasma
membrane [31]. RNAi of rab-11.1 in a hermaphrodite back-
ground resulted in a cortical enrichment of VAB-1::GFP resem-
bling that observed in unmated females (Figure S2). By
contrast, rab-11.1(RNAi) did not alter VAB-1::GFP localiza-
tion in unmated females (Figure S2). In hermaphrodites,
rab-11.1(RNAi) caused a reduction in the meiotic-maturation
rate (1.18 6 0.65 maturations per gonad arm per hr, n = 23)
compared to the RNAi control (2.41 6 0.55 maturations
per gonad arm per hr, n = 20; p < 0.0005). By contrast,
rab-11.1(RNAi) in vab-1(dx31) hermaphrodites had no effect
on the meiotic-maturation rate (2.01 6 0.67 maturations per
gonad arm per hr, n = 20, compared to 2.036 0.42 maturations
per gonad arm per hr, n = 20 in the RNAi control; p > 0.4). Taken
together, these data show that interfering with efficientreceptor exit from the endocytic-recycling compartment
causes a vab-1-dependent reduction in the oocyte meiotic-
maturation rate in hermaphrodites.
DAB-1/Disabled and RAN-1, but Not Ephrins, Regulate
VAB-1::GFP Trafficking in the Absence of Sperm
To determine whether negative regulators of oocyte meiotic
maturation affect VAB-1 localization to the endocytic-recy-
cling compartment in females, we began by analyzing genes
in the vab-1 arm of the meiotic-maturation signaling pathway.
Because ephrin binding can trigger Eph receptor endocytosis
in mammalian cells [12], we first determined whether VAB-
1::GFP localization is ephrin dependent. C. elegans has four
ephrin genes (efn-1, efn-2, efn-3, and efn-4), but only efn-1,
efn-2, and efn-3 have been implicated in vab-1 signaling
[32, 33]. By contrast, efn-4 has been shown to function
in semaphorin signaling [34, 35]. We analyzed efn-1(ju1)
efn-2(ev658); efn-3(ev696) triple-mutant females and herma-
phrodites and found that the VAB-1::GFP localization pattern
was unchanged (Figure S5). Because efn-4(RNAi) in these
strains led to no further changes in VAB-1::GFP localization
(Figure S5), we conclude that VAB-1::GFP localization in oo-
cytes is ephrin independent; however, we cannot exclude the
possibility that VAB-1 trafficking depends on uncharacterized
nonephrin ligands in the absence of sperm.
Previously, we identified dab-1 as a negative regulator of
oocyte meiotic maturation and presented genetic data that
are consistent with the interpretation that vab-1 and dab-1
function in a common pathway to negatively regulate meio-
tic maturation in the absence of sperm [17]. We analyzed
VAB-1::GFP localization after dab-1(RNAi) and in dab-1(gk291)
null mutants in female and hermaphrodite backgrounds. We
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710observed that VAB-1::GFP was no longer enriched in a RAB-
11-positive compartment after dab-1(RNAi) in a female back-
ground (Figure 3D). The VAB-1::GFP pattern in dab-1(RNAi)
females resembled that seen in wild-type hermaphrodites
with the majority of vesicles localizing in the interior of the oo-
cyte and a small fraction on the plasma membrane (Figures 3A
and 3D). The same result was obtained with dab-1(gk291) mu-
tant females (Figure S2). By contrast, we observed no change
in the VAB-1::GFP pattern in dab-1(RNAi) or dab-1(gk291) her-
maphrodites, compared to wild-type hermaphrodites (Figures
4A and 4E and Figure S2). Thus, dab-1 is only required for VAB-
1::GFP trafficking in a female background in which the majority
of the receptor is recycling. Because dab-1 and Disabled
homologs have been implicated in vesicle trafficking and en-
docytosis [36–38], we examined the effects of dab-1 on the
global localization of vesicle-associated proteins by using
succinylated-WGA staining. We observed that dab-1(RNAi)
did not affect the localization of WGA-staining vesicles in the
presence or absence of sperm (Figures 4D and 4E). Interest-
ingly, the VAB-1::GFP vesicles are WGA negative after dab-
1(RNAi) only in the absence of sperm (compare Figure 4D to
Figure 4E), suggesting that DAB-1 plays a critical role in pro-
moting the female mode of VAB-1::GFP trafficking. Taken
together, these results suggest that dab-1 is specifically
Figure 5. DAB-1 and RAN-1 Bind to the VAB-1
Intracellular Domain
(A) In vitro interaction of GST-DAB-1(53-546) and
MBP-VAB-1-ICD. Complexes were isolated with
glutathione sepharose. MBP and GST served as
negative controls. Western blots were probed
with anti-MBP (top panel) and anti-GST (middle
and bottom panels). The bottom panel shows
the position of GST and breakdown products of
GST-DAB-1(53-546).
(B) Biochemical purification of VAB-1-ICD-inter-
acting proteins. A flow chart depicts the purifica-
tion strategy starting with 30 ml of packed adult
hermaphrodites. The bottom panel shows the
sequence of RAN-1 tryptic peptides that were
retained on the MBP-VAB-1-ICD column at high
stringency but were absent from the empty
column control.
(C) In vitro interaction of 6His-SUMO-RAN-1 and
MBP-VAB-1-ICD. Complexes were isolated
with amylose sepharose. 6His-SUMO and MBP
served as negative controls. Western blots were
probed with anti-6His (top panel) and anti-MBP
(middle and bottom panels). The bottom panel
shows the position of MBP and breakdown prod-
ucts of MBP-VAB-1-ICD.
(D) Cortical views of VAB-1::GFP expression and
RAN-1 staining in dissected and fixed gonads
from female (upper panel) and hermaphrodite an-
imals (lower panel); insets in the upper left are
magnified views of the indicated regions. Scale
bars represent 10 mm.
required for VAB-1::GFP to localize to
the endocytic-recycling compartment
in the absence of MSP/sperm. More-
over, when dab-1 function is disrupted
in the absence of sperm, VAB-1::GFP
accumulates in an interior vesicular
compartment with different characteris-
tics as assessed by WGA staining.
Prior work has shown that the PTB domain of Disabled
proteins can bind the intracellular domain of receptor proteins
and serve as adaptors [39]. Thus, we examined whether DAB-1
could interact with the VAB-1 intracellular domain (VAB-1-ICD)
in vitro. We expressed and purified VAB-1-ICD as an amino-ter-
minal fusion to the maltose-binding protein (MBP-VAB-1-ICD)
and performed pulldown experiments with DAB-1(53-546)
fused to glutathione S-transferase. We found that GST-DAB-
1(53-546) can interact with MBP-VAB-1-ICD but not with MBP
(Figure 5A). By contrast, GST does not interact with MBP-
VAB-1-ICD (Figure 5A). Two additional DAB-1-deletion deriva-
tives, GST-DAB-1(53-435) and GST-DAB-1(53-252), also bind
MBP-VAB-1-ICD in vitro (data not shown). The DAB-1 PTB
domain binds FxNPxY motifs in the intracellular domain of
receptors. The VAB-1-ICD has a related motif (GLNHVY), but
we have not determined whether this motif is critical for vab-1
function or DAB-1 binding.
Our prior work suggested that PKC-1, a protein kinase C
homolog, PQN-19, a STAM homolog, and VAV-1, a Rho family
guanine-nucleotide exchange factor, may function in the vab-1
pathway to inhibit meiotic maturation when MSP is absent [17].
We did not observe any VAB-1::GFP localization changes af-
ter pkc-1(RNAi), pqn-19(RNAi), or vav-1(RNAi) in females or
hermaphrodites (Table S1). Thus, these three genes might
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711Figure 6. A Model for VAB-1 Trafficking and
Signaling in the Control of Meiotic Maturation
In the absence of MSP/sperm (left panel), VAB-1
traffics to the endocytic-recycling compartment
(ERC). The accumulation of VAB-1 in the endo-
cytic-recycling compartment in the absence of
MSP/sperm depends on DAB-1 and RAN-1 and
sheath/oocyte gap-junctional communication
but not ephrins. VAB-1 is proposed to signal
while either in or in transit to the endocytic-recy-
cling compartment to inhibit oocyte MAPK acti-
vation and meiotic maturation. In the presence
of MSP/sperm (right panel), VAB-1 is mostly ex-
cluded from the endocytic-recycling compart-
ment and traffics away from the oocyte cortex
(EE, early endosome; LE, late endosome; and
L, lysosome). This MSP/sperm-mode of VAB-1
endosomal sorting requires Gas signaling in the
gonadal sheath cells.influence vab-1 signaling in a manner not dependent on
trafficking, as apparent by examination of the VAB-1::GFP
localization pattern.
We sought new regulators of VAB-1::GFP trafficking by
using affinity purification of VAB-1-ICD-interacting proteins
(Figure 5B). We reasoned that proteins that bind to VAB-1-
ICD at high stringency (retained by 1 M NaCl, but not 0.1 M gly-
cine [pH 2.0]) might function in VAB-1 signaling or trafficking.
By using this method, we specifically recovered two peptides
from RAN-1 (Figure 5B, 11.2% coverage) in the mass-spec-
trometry data from the MBP-VAB-1-ICD column but not the
control. The nonspecific background predominantly consisted
of ribosomal proteins. Consistent with these data, RAN-1
binds the MBP-VAB-1-ICD but not the MBP control in pull-
down assays (Figure 5C).
Previously, we identified ran-1 as a negative regulator of
oocyte meiotic maturation, and it functions in the germline [17].
Because ran-1 is an essential gene that functions in many pro-
cesses, including nucleocytoplasmic transport and microtubule
dynamics and organization [40], we used RNAi to analyze inter-
actions with other negative regulators of meiotic maturation.
These data were consistent with the possibility that ran-1 func-
tions in vab-1-dependent and -independent pathways [17]. We
examined VAB-1::GFP localization after ran-1(RNAi) in female
and hermaphrodite genetic backgrounds. In these analyses,
ran-1behaved similarly to dab-1: We observed reduced overlap
between VAB-1::GFP and RAB-11 at the oocyte cortex in the
absence of sperm (Figure 3E), and VAB-1::GFP localized to an
interior WGA-negative compartment (Figure 4F). By contrast,
ran-1(RNAi) had no apparent effect on VAB-1::GFP localization
and trafficking in hermaphrodites (Table S1). Antibodies raised
to the C terminus of human RAN specifically detect C. elegans
RAN-1 in immunostaining experiments (Figure S6). We used
these antibodies to compare the localization of RAN-1 and
VAB-1::GFP. We observed a similar degree of association be-
tween VAB-1::GFP and RAN-1 in the presence and absence of
sperm (Figure 5D). Taken together, these data suggest that
ran-1 and dab-1 promote VAB-1::GFP trafficking into the endo-
cytic-recycling compartment in females, and this might be part
of the mechanism by which they inhibit oocyte meiotic matura-
tion and MAPK activation when MSP is absent.
Somatic G Protein Signaling Influences
VAB-1::GFP Localization
Previous data suggested that regulation of oocyte meiotic
maturation in C. elegans involves the vab-1 pathway inoocytes [16, 17, 19] and parallel inputs from Gas and Gao/i
protein signaling pathways from the gonadal sheath cells
(Figure 1 and [17]). A genome-wide screen for negative regu-
lators of oocyte meiotic maturation identified goa-1, which
encodes Gao/i, and inx-22 and inx-14, which encode in-
nexin/pannexin components of gap-junctional channels that
function downstream of Gas signaling (Figure 1). Because
goa-1 and inx-22 function to inhibit meiotic maturation
when MSP/sperm is absent, we examined VAB-1::GFP local-
ization after conducting RNAi in a female background. In a
female background, goa-1(RNAi) and inx-22(RNAi) cause
VAB-1::GFP to be mostly excluded from a RAB-11-positive
compartment (Figure 3G and Figure S7), as is typically ob-
served in wild-type hermaphrodites (Figure 3A). Similarly,
goa-1(RNAi) or inx-22(RNAi) in female worms caused the
global pattern of vesicle-associated proteins to resemble
that typically seen in wild-type hermaphrodites (compare Fig-
ures 4A and 4H and Figure S7). We also observed similar
effects after inx-14(RNAi) and kin-2(RNAi) in unmated females
(Table S1). These results suggest that VAB-1::GFP is actively
maintained in the endocytic-recycling compartment in the
absence of MSP/sperm, and this localization is dependent
on Gao/i signaling in the gonadal sheath cells and sheath/
oocyte gap-junctional communication.
Genetic mosaic analysis now shows that gsa-1 and acy-4,
which respectively encode Gas and adenylate cyclase, are
required in the sheath/spermathecal cell lineages for oocyte
MAPK activation and meiotic maturation (J.A.G. and D.G., un-
published data). Thus, we examined the effect of Gas signaling
on VAB-1::GFP localization. After gsa-1(RNAi) in a hermaphro-
dite background, we observed that VAB-1::GFP-containing
vesicles were cortically localized in a RAB-11-positive com-
partment (Figure 3F), as typically seen in unmated females
(Figure 3B), and detectable levels of VAB-1::GFP were not
observed at the plasma membrane, as visualized with the
mCherry::PH domain marker (Figure S7). We observed that
gsa-1(RNAi) in a hermaphrodite background appears to have
a global effect on the localization of vesicle-associated
proteins, as revealed by WGA staining (Figure 4G). This result
further indicates that the Gas signaling in the gonadal sheath
cells can regulate membrane-protein trafficking in oocytes.
Discussion
Our results suggest a model in which a recycling MSP/Eph
receptor functions to inhibit oocyte meiotic maturation in the
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712absence of MSP/sperm (Figure 6). The localization of VAB-
1::GFP to the endocytic-recycling compartment is dependent
on DAB-1 and RAN-1, which both participate in the negative
regulation of meiotic maturation in the absence of MSP/sperm
[17] and interact with the VAB-1 intracellular domain. In the
absence of DAB-1 or RAN-1, VAB-1::GFP localizes to a new
compartment that is defined by its lack of staining with
WGA. The requirement of DAB-1 and RAN-1 in VAB-1::GFP
trafficking is only observed in the absence of MSP/sperm.
For this reason, we favor the hypothesis that DAB-1 and
RAN-1 promote VAB-1::GFP endosomal trafficking into the
recycling pathway in the absence of MSP/sperm (Figure 6).
In this model, the absence of DAB-1 and RAN-1 excludes
VAB-1::GFP from the recycling compartment and favors traf-
ficking to a different compartment in which the modifications
detected by WGA staining are removed. Alternatively, DAB-1
and RAN-1 may function in VAB-1::GFP export from the Golgi,
as has been proposed for DAB-1 in EGL-17 export [37]. If
DAB-1 and RAN-1 are required for efficient VAB-1::GFP ex-
port, however, this requirement must be dispensable in the
presence of MSP/sperm. Because we purified RAN-1 as a
VAB-1-ICD-interacting protein from hermaphrodite protein
extracts, we think it unlikely that VAB-1 trafficking in the her-
maphrodite mode is regulated at the level of RAN-1 binding.
When MSP/sperm is present, somatic Gas function is
required to exclude VAB-1::GFP from the endocytic-recycling
compartment. The exclusion of VAB-1 from the endocytic-
recycling compartment is important for an efficient meiotic-
maturation response as indicated by our analysis of an
rme-1 null mutant and rab-11.1(RNAi). Somatic Gas signaling
is also probably required for the localization of many other
oocyte vesicle-associated proteins, as revealed by WGA
staining. This result suggests a model in which the sheath
cells may play a role as the major sensor of MSP/sperm and
regulate the ability of the oocyte to sense and respond to
MSP/sperm (Figure 6). Are the alterations in vesicular traffick-
ing we observe in the presence of MSP/sperm, and which
require somatic Gas signaling, a consequence of meiotic ma-
turation or a regulatory response? At present, we cannot
distinguish between these two possibilities. On the one
hand, an rme-1 mutation and rab-11.1(RNAi) result in vab-1-
dependent reductions in the oocyte meiotic-maturation rate.
Also, depletions of the weak negative regulators pkc-1, pqn-19,
and vav-1 have no effect on VAB-1::GFP localization, despite
the fact that these genes inhibit meiotic maturation in females
to similar extents as dab-1 [17]. On the other hand, the CCCH
zinc-finger proteins, OMA-1 and OMA-2, which are redun-
dantly required in the germline for meiotic maturation [41],
affect the global localization of vesicle-associated proteins in
the oocyte (Figure S7). In addition, MSP-injection experiments
suggest that alterations in VAB-1::GFP localization represent
slower responses than MAPK activation. In fact, mpk-
1(ga111ts) mutant hermaphrodites accumulate VAB-1::GFP
at the oocyte cortex in the female pattern at the nonpermis-
sive temperature (Figure S5). Whether oma-1/oma-2 and
mpk-1 affect VAB-1::GFP as a consequence of meiotic matu-
ration or a feedback response is unclear. Possibly, recom-
partmentalization of negative regulators in the germline may
contribute to sustaining high rates of meiotic maturation
when sperm are plentiful. Interestingly, meiotic maturation re-
sults in the translocation of the DYRK-family kinase MBK-2
from the oocyte cortex to the cytoplasm, and such a translo-
cation is needed for its role in promoting the oocyte-to-em-
bryo transition [42–44]. The reorganization of the oocyteduring meiotic maturation may occur in a stepwise fashion,
first inactivating negative regulators, then promoting the ac-
tivity of effectors needed for completing meiosis and early
embryonic development. MSP signaling has also been shown
to reorganize the oocyte microtubule cytoskeleton, and this
response requires Gas and oma-1/2 [18]. The coordinate reg-
ulation of endosomal recycling and microtubule organization
by MSP signaling is intriguing: The importance of the microtu-
bule cytoskeleton in vesicular trafficking is well established,
and microtubule dynamics and organization are documented
to be affected by rab-11 [45, 46].
Regulated endosomal trafficking of Eph receptors has
been shown to be critical for axonal repulsion in the verte-
brate nervous system [10–12]. The ephrin-dependent endo-
cytosis of Eph receptors requires the small GTPase Rac,
which plays a major role in reorganizing the actin cytoskele-
ton during Eph-receptor-promoted cell retraction in concert
with Rho and Cdc42 [47]. The finding that phosphorylated
Eph receptors are present in intracellular vesicles after ephrin
binding suggests that Eph receptors may signal from intra-
cellular vesicles [10, 11]. Our finding that a recycling VAB-1
Eph receptor may be active in negatively regulating meiotic
maturation in the absence of MSP is consistent with the
idea that signaling may continue within the cell after initial
ligand engagement. This study reinforces the view that endo-
somal trafficking and signaling are intimately linked, as has
been found for several other highly conserved signal trans-
duction pathways [1, 2]. MSP-domain proteins are highly
conserved, and recently the MSP-domain protein VAPB,
which is mutated in Amyotrophic Lateral Sclerosis type 8
[22], was shown to be a secreted ligand for Eph receptors
in Drosophila and mammals [23]. Therefore, our findings of
the regulated trafficking of the MSP/Eph receptor during mei-
otic maturation of the C. elegans oocyte and its modulation
by Gas signaling in the gonadal sheath cells may have wider
relevance.
Supplemental Data
Experimental Procedures, eight figures, and a table are available at http://
www.current-biology.com/cgi/content/full/18/10/705/DC1/.
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Note Added in Proof
This paper differs slightly from the version previously published online in
that the use of the term ‘‘MSP/sperm’’ has been clarified in the Summary.
